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ABSTRACT 
 
The excellent properties of titanium have resulted in its generalised use for bone implants. 
However, titanium is very stiff in comparison with human cortical bone and this creates 
problems of bone weakening and loosening of the implant. This article discusses the 
mechanical properties (flexural and compressive strength, and stiffness) of porous Ti-6Al-
4V specimens developed using the space holder method. These properties are examined 
relative to the production process parameters: compacting pressure and sintering time; as 
well as temperature, and the addition of spacer and its particle size. It is seen that when 
spacer is added, compressive strength decreases with the application of compacting 
pressure – and that these are the most influential parameters. The developed pieces show 
a closed and unconnected porosity. Small additions of spacer (25% volume) reduce 
stiffness to around half of that shown by the solid material; and the resulting pieces are 
strong enough to be used as bone substitute. 
 
Keywords: porous Ti-6Al-4V, space holder, bending strength, compression strength, 
stiffness.  
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1. Introduction 
 
The excellent properties of titanium make it an ideal candidate for use as a bone graft. 
However, production is difficult because vacuum techniques are required to minimize 
reactivity with gases in the furnace. Moreover, although its stiffness (100-110 GPa)1,11 is 
small when compared to other implant materials, it is still higher than human cortical bone 
(10-40 GPa)1,2, and this leads to bone weakening and loosening of the implant3 due to the 
stress-shielding phenomenon.  
Among the various methods for reducing the stiffness of the implant4-7 the development of 
porous pieces with the spacer method is one of the most widely used8, 9. Porosity is 
generated by removing spacer that was mixed together and compacted with the base 
material. The aim of this work is to develop specimens of porous Ti-6Al-4V using the 
spacer method and measure the change in resistance to bending, compression, and 
stiffness – as influenced by the process parameters (compacting pressure, sintering time 
and temperature, addition of spacer and particle size).  
 
2. Experimental procedure  
 
2.1 Development of porous specimens using the spacer method  
 
Specimens were developed following procedures described in previous works10. Titanium 
alloy selected for this research was Ti-6Al-4V powder produced by hydration-dehydration 
(HDH). The powder was supplied by Se-Jong Materials, who also provided its chemical 
composition10 and sieve analysis (<45 μm). Ammonium bicarbonate was used a spacer, 
and the bicarbonate was ground and sieved to three different sizes (125-250 μm , 250-500 
μm, and 500-1000 μm). Given the irregular morphology of both materials10, the strength 
acquired after compacting was sufficient to enable manipulation to remove the spacer. 
  
After mixing the Ti-6Al-4V and ammonium bicarbonate (% volume Ti-6Al-4V/Esp: 100-0; 
75-25; 60/40; 45/55; 30/70), the mixture was compacted to 100, 200 and 300 MPa in a 
100-ton uniaxial hydraulic press at a rate of 3000 N/s after contact with the mix. For each 
combination of variables, three compression samples (Ø = 25 mm, h ≈ 27 mm) and five 
bending samples (32x12x6 mm3) were produced.  
 
After the spacer was removed, the samples were sintered in a vacuum at temperatures of 
1300 ± 25 ºC for periods of one, two, and four hours10.  
 
2.2 Analysis of the porous specimens  
 
After metallographic preparation, the samples were examined under a Nikon SMZ800 
stereo optical microscope, a MicroPhoto Nikon FX microscope, and a JEOL JSM6300 
scanning electron microscope equipped with an Oxford Instruments EDX 6508 detector. 
The density (ρ*) and porosity of the sintered material were determined by measuring the 
mass and dimensions. The solid density of (ρS) 4.42 g/cm
3 was used to measure the 
relative density (ρr = ρ*/ρS)
11.  
 
Strength and flexural stiffness were measured with the three-point bend test, following 
ASTM E290-97a (ISO 3325:2000); and applied in an Instron 4204 machine with a 
crosshead speed of 0.5 mm/min. Flexural stiffness was measured using the slope of the 
(σ-ε) stress-strain curve (EFP*), and Young‟s modulus formula with a maximum deflection 
(EFF*)
8. 
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The compression test was performed in accordance with ASTM E9-89a, in an Instron 
A1340-1006 with up to 600 KN of static load and a load speed of 0.5 mm/min until 
achieving a relative strain of 7 mm. The compressive stiffness (EC*) was measured by 
determining the slope of the stress-strain curve. 
  
The relative stiffness (E r = E*/ES) was calculated for each of the measuring methods by 
taking the rigidity of the solid (ES) as evidenced by the samples without spacers that were 
compacted at the same pressure (ESFF, ESFP, ESC). Due to the localized plasticization that 
occurs in porous metals in the apparently elastic region of the stress-strain curve12, we will 
refer to “rigidity”, rather than the “modulus of elasticity”.  
 
3. Results and discussion  
 
3.1 Porosity and pore size  
 
The produced porous specimens have a dense outer skin, with a degree of porosity that 
depends primarily on the volume of spacer. Unlike the TiCP porous specimens produced 
in a previous research, in which compaction was performed manually8, the porosity of the 
Ti-6Al-4V specimens increased by between 10 and 14% after the addition of spacer10. This 
is due to the quickness of the compaction applied, which produces greater elastic recovery 
in the powder.  
 
Figure 1 shows the difference between micro and macropores. While the former are the 
product of the powder-metallurgical process and reduced compacting pressures, the latter 
result from the evaporation of bicarbonate. Although spacer particles tend to coalesce, 
connections do not develop between all the particles – and so the porosity is not 
considered to be interconnected. However, the presence of connections between spacer 
particles means that reference cannot be made to a specific pore size. Furthermore, the 
mechanical properties improve as the spacer particle size reduces10, because this size 
reduction enables a better distribution of the matrix powder and compacting pressure, as 
shown in Fig. 1.  
 
3.2 Resistance to bending and compression 
 
The compression results confirm observations made in previous works10, and demonstrate 
the great importance of the amount of time that passes between compacting and removal 
of the spacer – with long delays causing weakening. Consequently, results with brittle 
fracture in the test specimens have been discarded. 
 
As with resistance to bending10, the most influential variables for resistance to 
compression are the addition of spacer and compacting pressure. The size of spacer 
particles and the thermal cycle are less influential. The effect of pressure depends on the 
amount of spacer added. So, bending strength generally increases in the compacting 
pressure when the bicarbonate content is low (<25% volume), weakening when more 
bicarbonate is added10. In contrast, compression only increases strength in the 
compacting pressure with pieces that did not contain spacer, see Fig. 2. 
 
As shown in Table 1, for the same process parameters, resistance to bending is greater 
than resistance to compression. Although no significant differences between the relative 
density of the bending and compression test pieces were apparent, the size of the 
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compression test specimens (13.25 cm 3 compared to 2.3 cm 3 for the bending test 
specimens), and the high of speed of compacting, means that the pressure gradient is 
higher in the compression test specimen. This results in greater heterogeneity, and 
therefore weaker areas exist in which plastic deformation can begin. Similarly, strength 
generally decreases as spacer size increases, and this is caused by a less homogeneous 
distribution of the powder matrix and applied pressure.  
 
Moreover, scattering in the results is also greater for bending than compression; and this 
scattering is more pronounced as strength increases. This is due to the greater influence 
of the more fragile areas, caused by the spacer particles10, when subjected to tensile 
stress and/or greater force. Similarly, results are generally more scattered when particle 
sizes are smaller, implying an increased area of contact with the powder matrix.  
 
Table 1. y bending and compression, MPa, relative to % volume and spacer particle size. * Results 
eliminated where the test piece showed brittle fracture. 
 
Ti-6Al-4V – Spacer 
%v 
STRESS 
GRANULE SIZE μm 
125 – 250 250 – 500 500 – 1000 
100 – 0 
BENDING 1857 +/ - 157 
COMPRESSION 1030 +/ - 40 
75 – 25 
BENDING No test pieces 535 +/- 110 500 +/- 40* 
COMPRESSION No test pieces 203 +/- 20 192 +/- 10* 
60 – 40 
BENDING 283 +/- 33 230 +/- 50 275 +/- 5* 
COMPRESSION 109 +/- 13 91 +/- 10* 
45 – 55 
BENDING 103 +/- 7* No test pieces 
COMPRESSION 92 +/- 7* No test pieces 
 
Since the compressive yield strength of cortical bone is between 110 and 200 MPa, with a 
lower value for bending2,13,14, only specimens with 25% spacer volume can be safely used 
as a substitute for human cortical bone. Higher levels of spacer result in inadequate 
compressive strength.  
 
The level of strength obtained is related to the relative density of the pieces according to 
the model (1) proposed by Gibson-Ashby15, and based on the average strength of pieces 
with the same bicarbonate volume (this being the most influential variable).  
 
 
*
n
Y
S S
C
 
 
 
  
 
 (1) 
 
Where the constants C and n reflect foam parameters such as cell morphology, shape, 
and arrangement of the pores16,17.  
 
Although the model was proposed for foams (ρr <0.3) with an ideal microstructure
15, a 
good correlation has been found (R2 = 0.99) between the relative density of porous 
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specimens obtained (ρr = ρ*/ρS) and their relative resistance to bending (σYFr = σYF*/ σYFS) 
and compression (σYCr = σYC*/σYCS). See Fig. 3.  
 
It should be noted that in accordance with observations made during the production 
process, the mechanical properties of the developed porous specimens can be optimized 
by using the lowest possible compacting pressure. This facilitates a more uniform 
distribution and the elimination of spacer particles. Lower compacting pressure also 
facilitates slower compacting and this helps consolidation by reducing the elastic recovery 
of the material.  
 
3.3 Stiffness  
 
The stiffness of the porous pieces developed depends primarily on the addition of 
spacer. No significant differences related to the other process parameters (T, t, P, spacer 
size) were found.  
 
In the same way as for strength, models were obtained correlating stiffness with the 
relative density of the developed specimens. Table 2 lists the coefficients obtained for the 
porous specimens developed in this work, as well as TiCP3 porous specimens produced 
in previous research8, and results published by other authors using the spacer method to 
develop porous titanium.  
 
Table 2. Correlation models based on relative stiffness and relative density. 
 
MATERIAL TEST 
STIFFNESS 
MEASUREMENT 
C n 
Correlation 
model R
2
  
TiCP3 Bending Curve slope
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 1.037 1.62 0.86 
Ti-6Al-4V Bending Curve slope 1.172 1.60 0.97 
Ti-6Al-4V Bending Formula 1.173 1.60 0.98 
Ti-6Al-4V Compression Curve slope 1.136 2.19 0.96 
Ideal foam Gibson-Ashby
15
 1.000 2.00 - 
TiCP Compression Bram et al.
9
 0.167 2.00 - 
TiCP Compression Esen et al.
17
 1.598 4.72 0.99 
 
In Table 2 the correlation model of relative stiffness and bending is shown independently 
of the measuring method used (curve slope or formula) for theTi-6Al-4V specimens 
developed in this work. The stiffness and compression model obtained is very similar to 
those proposed by Gibson and Ashby15 and Bram9. This is due to similarities in the 
development of the pieces and measuring methods. In contrast, Esen17 used spherical 
particles of titanium, so that the walls created between the macropores during sintering 
were smaller and demonstrated an apparently reduced cohesion. This explains why his 
model is more sensitive to variations in relative density. Moreover, the value close to unity 
obtained for the coefficient C in our models is consistent, because when the relative 
density is near to one, then the relative stiffness should also be near to one. Finally, it 
worth emphasising the small difference in coefficient C obtained for porous TiCP 
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specimens and Ti-6Al-4V ones. The lower value for the first samples is due to lower levels 
of alloying elements18, 19.  
 
Figure 4 shows the correlation between the models obtained for the Ti-6Al-4V specimens 
developed in this work and the experimental values. As with strength, the relative stiffness 
is higher for bending than for compression. This is related to the greater cohesion and 
homogeneity for the pieces obtained. So, the smaller size of the bending specimens 
results in a more uniform pressure distribution and less elastic recovery during 
compacting; and this leads to a greater cohesion and stiffness. As shown in figure 4, for 
pieces with a 25% volume of spacer (ρr ≈ 0.4), the degree of stiffness is reduced by about 
50% when compared with the solid material. This improves behaviour when placed 
alongside human cortical bone, and so reduces bone resorption problems.  
 
4. Conclusions  
 
The spacing method has enabled the development of less rigid porous Ti-6Al-4V 
specimens with a flexural and compressive strength that makes the material suitable for 
use as bone substitute. The porosity of the developed materials increases when spacer is 
added – and while the spacer particles are not completely connected, there is some 
interconnection.  
 
The parameters that most influence the mechanical properties are the addition of spacer 
and compacting pressure. By contrast, there is no significant variation of properties 
depending on the thermal cycle, so sintering should be carried out at 1275 º C for 2 hours, 
which alloys sintering and enables a reduction of the consumed energy compared to the 
rest of thermal cycles used.  
 
Obtained properties are slightly higher by reducing the particle size of the spacer. 
However, the compressive strength of human cortical bone only can be achieved with 
25%v of ammonium bicarbonate at the most. These specimens are about half as stiff as 
the bulk material, and this improves their behaviour alongside bone and reduces problems 
of weakening.  
 
The mathematical models obtained enable estimates to be made of the mechanical 
properties produced (resistance to bending, compression, and stiffness) as a function of 
relative density or the addition of spacer. 
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Fig. 1. Micrograph of porous pieces developed with different spacer particle sizes: (a) 125-250 μm; 
(b) 500-1000 μm. 
 
Fig. 2. Compressive strength as a function of compaction pressure for samples with different 
amounts of bicarbonate. 
 
Fig. 3. Relative resistance to bending and compression according to relative density (adjusted for 
developed models).  
 
Fig. 4. Relative stiffness and compression according to relative density (adjusted for developed 
models).  
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